Introduction
Optical cavities have been developed in a wide range of geometries, exploiting a variety of resonant properties [1] [2] [3] . However, irrespective of the design, the ability of an optical cavity to confine light can be described by its quality factor, Q, and modal volume, V. Q is a measure of the temporal confinement of electromagnetic energy, or equivalently of the inverse of the loss rate of the cavity. On the other hand, V is a measure of the spatial confinement of electromagnetic energy, and to enhance the efficiency of light-matter interactions, in general one aims to minimize V while keeping Q as large as possible. Applications of optical cavities are as diverse as their properties, ranging from telecommunication to quantum electrodynamics. Our interest here is the area of bio-chemical sensing, which has attracted much attention recently [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . These studies include a wide range of cavities such as a ring resonator [4, 5] , fiber coil resonator [6] , microsphere [7, 8] and photonic crystal slab [9] [10] [11] [12] [13] [14] .
Regardless of the platform, optical cavity-based sensors rely on the wavelength shift of the cavity resonance due to a change in the refractive index of an adjacent liquid. Upon addition of the sample to the liquid, the refractive index of the liquid changes slightly, shifting the cavity's resonant frequency. In biochemical applications, this change is formidably small. The shift is proportional to the energy fraction f of the resonant mode field that interacts with the sample [3, 12] , and thus it seems natural to try to maximize the fraction f. In addition to a large f, to obtain acceptable precision, cavity-based sensors must exhibit a frequency shift larger than the resonance linewidth. Since the linewidth is determined by the quality factor Q, the latter also plays a critical role and the relevant figure of merit to be maximized is actually the product M = fQ [3, 12] . We see this as follows. We define the sensitivity of the mode as the ratio of the frequency shift ∆ω and the spectral linewidth / Q δω ω = :
Here ω is the resonant frequency of the mode for the bare fluid which has index n f . The introduction of the sample introduces a change in the fluid index ∆n. To first order in ∆n, (an extremely good approximation for these systems), the frequency shift is ( )
where f is the energy fraction of the electric field in the fluid [12] , so the sensitivity becomes:
As mentioned above there is a wide range of optical cavities but the platform that enables the most compact optical cavities (and therefore the smallest sample volumes,) is the photonic crystal slab (PCS) [1] . In these structures, the light is confined in the plane of the slab by Bragg reflection and in the vertical direction by total internal reflection. Defect sites in the crystal slab can support localized states with frequencies falling inside the in-plane bandgap.
Provided the crystal is large enough, the primary loss mechanism for these states is out-ofplane leakage of near-vertical plane wave components. The modal volumes of PCS cavities are of order of a cubic wavelength. The high quality factor, small modal volume and precise design control available in PCS cavities promise applications in areas where strong lightmatter interaction is essential for the device operation.
For PCS structures, the nature of the resonant mode depends on its location in the bandgap and this impacts the figure of merit M through two competing effects as follows. In a perfect crystal, the photonic eigenstates of the system are delocalized Bloch states and we can treat the localized modes of the cavity as superpositions of the Bloch states. The Bloch states of the uniform crystal near the lower band gap edge form dielectric bands, with the optical field mainly concentrated in the high index material. Cavity modes with resonant frequencies close to the lower band gap edge inherit this character, and have a small overlap between the field and the sample (holes), but typically have high-Q. In contrast, resonant modes close to the upper band gap edge have a large overlap between the field and the sample, but are usually low-Q modes as the field is mainly concentrated in the lower refractive index material reducing the effectiveness of the vertical confinement by total internal reflection [12] . Therefore, the figure of merit involves competing effects. Moreover, the favored mode may possibly depend on the class of cavity being considered.
In this paper, we compare the performance of the dielectric and air mode for two types of cavity. Though other related types of cavities exist [13] , our results are obtained for structures that are examples of a larger class of cavities, a defect type [9, 10, [14] [15] [16] and doubleheterostructure cavity (DH) [13, [17] [18] [19] [20] . For each exemplar cavity [15, 17] , we investigate the performance of dielectric and air bands and we determine which effect dominates.
Model and method
We consider a two-dimensional silicon PCS composed of a hexagonal array of cylindrical air holes with radius R, period a and thickness h. We investigate the performance of dielectric and air bands for two types of cavity: a confined band-edge point cavity [15] and a DH cavity [17] . Both cavities have been demonstrated experimentally [16, 18, 19] . Below we briefly describe those two designs. More details on the designs and numerical parameters for the calculations can be found in Refs [15, 17] . 
Confined band-edge point cavity:
The structure consists of air holes (R = 0.4a) patterned in a slab of thickness h = 0.42a. The cavity is designed to trap dielectric or air band-edge Bloch states in a small region of the crystal by modifying the hole radius in the central core region of the crystal as described in [15] . Thus we can combine the high LDOS of the Bloch states with the small volume of the confined cavity. To confine a dielectric (air) mode the air hole radius in the core region R c needs to be larger (smaller) than in the rest of the PCS. Here, (C) 2009 OSAwe use R c = 0.50a for the dielectric mode and R c = 0.36a for the air mode. Following the design of [15] , adaptation rings are added around the core to smooth the variation in hole radius from the core to the bulk crystal and so increase the Q factor, with minimal change in the modal volume.
Double-heterostructure (DH):
The structure has hole radius R = 0.31a (air-mode) or R = 0.29a (dielectric mode), with slab thickness h = 0.6a. There is a line defect in the form of a W1 waveguide in the Γ-K direction. Starting from a homogeneous PCS waveguide, the DH is formed by air-hole infiltration (indicated by the dark circles in Fig. 1(b) ). The aim of this selective infiltration is to increase the average refractive index of the PCS which, to lowest order, has the effect of lowering the optical frequency of features in the photonic band structure of the infiltrated region with respect to that surrounding non-infiltrated region. The infiltrated region length is L = 6a + 2R, similar to previously demonstrated infiltration cavities [18, 19] . The processing of air-hole infiltration can be done at any time after fabrication. It is even possible to address and infiltrate each hole separately [21] , allowing further freedom and cavity design but we do not discuss here.
Beyond the obvious geometric differences, there is one fundamental distinction between the two architectures: in the confined band-edge cavity, the cavity region is defined by the silicon structure with its smoothly graded rings of holes, and all holes are infiltrated with the fluid which occupies a large region including and surrounding the cavity. In the DH case, the cavity is defined by the fluid itself, which only infiltrates selected holes along a region of length L, see Fig. 1(b) . The two structures are thus suited to somewhat different scenarios: the band-edge cavity would allow continuous sensing of a flowing fluid, where the fluid volume was small but not critically so. In contrast, the DH cavity which requires precise fluid placement, would be useful for very small fluid volumes but would be difficult to operate in a dynamic fashion with a continuously flowing fluid.
The cavity properties, including quality factors and resonant frequencies, are evaluated using the three-dimensional finite-difference time-domain (FDTD) method. The computational parameters are similar to those used in Refs [15] . and [17] , but of course as compared with these earlier studies, at least some of the holes are now fluid-filled. For the band-edge cavity this results in smaller Q due to the smaller refractive index contrast between the slab and the holes. On the other hand infiltrating the holes enables high-Q heterostructures because it allows for the mode-gap operation that relies on the refractive index perturbation [17] . The modal volumes of the resonant modes are calculated using the standard definition based on the electric energy density ( ) ( ) ( ) 
Results
We calculate the resonant frequencies and total quality factors first without the presence of the sample. We then calculate the resonant frequencies and quality factors in the presence of the sample and find the sensitivity from Eq. (1). In Fig. 2 , we show the sensitivity versus the refractive index change caused by the presence of the sample. Although there is no "standard" detection limit here we chose S = 0.5, at which the frequency shift is half the resonance linewidth. The solid horizontal line in Fig. 2 denotes this detection limit. It is nominally possible to detect any ∆n for which S is above this line. In accord with Eq. (2), the sensitivity is proportional to ∆n, with the detection limit determined by the merit factor M. From Fig.  2(a) , we see that the detection limit of the band edge mode cavity is ∆n = 4 × 10 −6 for the dielectric mode and 2 × 10 −5 for the air-mode. In Fig. 2(b) the detection limit for the DH cavity is 1.6 × 10 −5 for the dielectric and 3.0 × 10 −5 for the air-mode. For both cavities the sensitivity is larger for the dielectric mode than for the air mode. This is because the Q of the dielectric mode is much larger than that of the air-mode. The results for Q, f and M are summarized in Table 1 . With the band edge cavity mode, for the air mode Q = 8.8 × 10 4 and f = 44%, while for the dielectric mode Q = 1.3 × 10 6 and f = 14%. Thus the larger overlap with the sample of the air mode, is more than offset by the difference in the Q values. For the DH cavity modes, the difference in the performance for the dielectric and air mode is smaller because the air-mode has a comparatively large Q. Nevertheless, the dielectric mode has the larger M again due to the larger Q, despite the fact that the field and the sample have a very small overlap, four times smaller than for the air mode. Table 1 . The total quality factor, overlap of the field and the sample, figure of merit and modal volume. We also compare the modal volumes for both modes. The results, obtained using (3), are listed in Table 1 . As expected the modal volumes for the dielectric modes are smaller than the volumes for the air modes. However, this difference is not substantial for either of the cavities. Hence PCS cavities are indeed compact sensors, independent of the type of the mode used.
Even though both cavities are designed as a high-Q cavities the results presented here are not exhaustively optimized. It would be possible to increase both the Q and f further, for example by narrowing the waveguide width in the DH type cavity [20] . The overlap of the field and the sample increases monotonically as the waveguide becomes narrower. This is expected as the field, previously mainly concentrated in the waveguide region, penetrates more into holes as the waveguide width is reduced. In this way the fraction of the field in the holes can be significantly increased from 4% for the W1 waveguide to 16% for the w = 0.70w W1 waveguide.
and Q tot falls rapidly once 1/fn i is comparable to the lossless Q. Fig. 3 . M as a function of the imaginary part of the refractive index for (a) the band edge cavity and (b) DH cavity for dielectric (squares) and air mode (crosses).
Even though the ratio between the Q of the dielectric and air modes decreases, the figure of merit, M, for the dielectric mode is still larger than M for the air mode in all range considered here. At n i = 10 −4 the figure of merit for both modes becomes comparable. In general, one would of course choose to work in a regime with the loss as low as possible, for example at wavelengths below 1µm for aqueous solutions. However, other constraints may force us to tolerate a significant loss, such as fabrication limitations or strong absorption in the PCS material, as is the case for silicon. Therefore one should choose the material composition of the photonic crystal and the fluid hosting the sample according to the wavelength of operation. Dividing Eq. (4) through by f, it is apparent that the merit factor M depends directly on n i . In other words, the cavity design that has the highest M when the loss is small, continues to have the highest M when losses are present. It is thus reasonable to base design decisions solely on the low loss regime.
Conclusions
We have compared the dielectric and air-mode sensitivity for two different types of the PCS cavities. Whilst, the sensitivity of a PC cavity relies on both the overlap between the field and the region containing the samples and the quality factor, a good overlap between the field and the fluid has been considered imperative. Our results show that it is not the most crucial factor. This is because the quality factor of the dielectric mode is much larger than that of the air-mode. The larger overlap with the sample of the air mode, is more than offset by the ratio of the Q's. We note that, in general, it is feasible to achieve very high-Q cavities using quite robust designs, while f is highly restricted: typically f > 0.2 and it cannot exceed unity. Almost invariably, then, we can expect that optimizing Q at the expense of f is likely to be beneficial, and dielectric bands are thus preferred. Additionally, high-Q PCS cavities are easier to design with dielectric modes than with air modes, and because there already exists a wealth of experience in the fabrication of PC cavities supporting dielectric modes for active devices, our study suggests that dielectric modes, not air modes, are the best suited platform to design PCS sensors. We expect this to hold true for a wide range of cavities beyond the two we have studied here.
